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Abstract
l’arallcl  computation for thmnal  coavcctive flows iII cavit  ics with

adiabatic horizontal boundarim  and driven by diff’mmtial  ll~ati~]g  of
I,llc  two vertical end walls, is investigated usiug the lnt,c] l’araso]i,  1 rl -
tc] ‘J1OUC.lISi,OIIC  1 )clta,  and Chay ‘J’31). A lmrallcl  co~nput  atioll  code has
lMXII  ill]l)lelncllt,cd  by usil)g  a finite-diffcmlcc method with a II)ultigrid
elliptic solver aIId a l)ufort-l~rankcl  SCIICIIIC. ‘1’lIe domai]l  dcx:o]r]])osi-
l,ioll  techniques arc discussed ill detail. ‘J’hc pa rallcl  code is l)ulncli-
cally stable, colnl)ut,ational]y efficient, and pc)rta blc to various lmallcl
architmt,urcs  which sul)lx)rt cil,hcr I’VM or NTX libraries for COIIIIIIU  lli-
catliolls.  l~illally,  ]iumcrica]  results for various l{aylcigll  lIu It Il)(Irs  aIId
l’ralldtl  numbers arc presented.

1. IN’1’ROl~lJCl’ION

Cknlvcctivc  ]notions  d r i v e n  by latcra] tcmpcratur(  gradimlts  jll cavjtics arc
iIIl})orta  IIt j]] II IalIy areas of il)tcmst in jndust,  ry a~ld jl) IIat,  urc.  A~)l)lications
jncludc  llca,tj  I)g al)d vcl)tilat,joll  coIItrol  in bui]dinp, dcsjgll al)d cons t ruc t ion ,
cooling systcll)s  for IIuclcar  reactors in tlIc  nuc]car industry, solal-ciIcrgy  col-
lectors iI) tl)c  l)owcr  jl)dustry  alId some otlIcr areas. l)UC to tlIc  wide IaItgc  of
al)l)licatjons,  studies of IIatural  convection flow and  l)cat  tralls[cr  IIavc been
vigorously pursued for InaTIy years. A typical Ino(lcl of co]lvcctioll”  drivml  by
a latcra]  thcrlnal  gradicl)t,  consis ts  of a two dilncllsjonal  Iwctallgular  cavity
wjtl) tl)c  two vcrtica] cnd  walls  lIcld at d i  [[crcIIt col)stallt, tc~nj)craturcs.  III
order to dctcrlnil)c  ilIc {low st,ruciurc  a]ld lIcai,  trausfcr across  cavities wit,l  I
diflcrcl)t physjcal  propcrti(x,  lIulncrous  al)alylical,  cxpcrjIncntal  al)d compu-
htiollal  tccl)l)iqucs  have bccII used  [1] [2] [4] [5] . ‘1’l)c })rcsclltj  s tudy wjll
focus olI IIul))crical  silnulat,io]l  on large or sl~lall  as~)cct  ratios 1, cavjty flows
(Ii >>1, or 1,<<1 ) wit],  va r ious  l)randt] nu,nlms  a])d IUiylcigll  nu,nbcrs
by S(x!l’al parallc] Systclns  [3] [7] [8] [9].
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2. MA’I’13EMA’1’ICAL F O R M U L A T I O N

‘1’IIc flow doInaiII  is a rcctaTIgular cavity of length / and hcig}ll  IL. ‘J’lIc alJpro-
pri atc govern i I I g cqu atimls, subject. to the IIoussillcsq  a~)l)rc)xilllatji{)ll,  call bc
written  in IIoll-(lil)l[:l]siollal”  forln  as

(1)

yq) =: .-(J, (2)

al ‘
-j: + J(7’, +) = V2T, (3)

WI)(H’C
q/3 A7’h3

Q,. ?-, 1< == ‘- -–--–- (4)
K K v

arc tl)c  l)ralldt,]  IIul IIbcr a n d  t h e  l{aylcigll  numl)cr  rcslx:ctivcly.  llcrc tllc
IMcssurc IIas bccII clilllillatcd and

is iJIc vorticity,  witl~  tlIc  two Jacobizms  given l)y

‘J’]Ic l)ouIIdaIy  collditimls on t,lIc cavity walls arc

+.0, ~, ,, w’ __ 71’ 0
~ = ()> ],; —. 2 =(),] (7)

,. ‘tlz ‘- ‘8:< ‘- ‘

for iIlsulatcd  walls, wlIcrc  1, u + is the aspect ratio of tl]c cavity.

‘1’IIc cquatiol]s  possess  all exact parallel-flow solution [3] [8] of a shallow
cavity  as;

7’ = x + c + R,]’’(z),  ?/) == l{,]’’’(z) (9)

Whc!l’c

(10)

Itl == ~, c is a collstallt}  which  is dctcrmincd  by a fllll  sollltjioll  (’f tll~:  ~lltl-~oIl~
problclI’13s  wllicll will k discussed ill t}Ic IIcxt paragrapl]

case, tl~c parallel core stmctlurc  is .givc]l  as [1]:

Wllcl’c

:/:(x) =- z , l’(x) = ;;-(1 -- X)2 .

3

1“01 a lidl cavity
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and A is the IIaylcigl]  IIuInbcr  based m tJIc cavity lcIIgtl I.

For a shallow cavity , t h e  f o l l o w i n g  cIId-zoIIc pmblcm  will lx: solved  Ilu-
lncrical]  y [3]:

87’
a.z

-=0 (2=:1)

L
f),, ,

U1
-j;  ❑ “ o (2 = o)

alId a cIld-zolIc  problcln  of’ a tall cavity CaTI hc formulated l)y a silnilar  ap
proac]l.

3. N U M E R I C A L  A P P R O A C H  A N :
T E C H N I Q U E S

‘1’llc fillitc difr~:l~Il~~  IIIcthod is u s e d  f o r
IJmlkcl  schcIIIc  is used for tlIc  vorticity

)  PARALLE1.  COMPU’I’ING

tfllc wI101C c.ollll~lltatioll”.  1 hll~ort-
[1) and tllc  cIIcrgy  ( 3 )  cquat,iolls,

wllicll is all cxp]icit,  tl]rcc-layer mctJlod  aIld has s{m)d-order accuracy. And
the hflultigrid  lnct})od  [6] is used for the l’oisson  cquatioIl  (2). It l]as provcII
all cffcctiv~  and fi~st II IclJIod.  III prcscIIt  code, a coIIIplctc  V-Cycle SCIICIn C

cm four-lcvc]  grids  is used. ‘1’hc outer boundary  conditions  (9) alId (11) were

used for tlIc  cII&zonc problems of shallow aIld tall  cavities rcs}x:ctivc]y  i~l
tlIc  colnputatio]].

]n the prcscni study,  tlIc  lntcl  ‘1’ouclIstoIIc  l)clta, tlIc  lntc]  l’arag;oIl  X1’/S  and
iJIc Cray ‘1’31) lmallcl  systcIIIs  were used for vario~]s colIl})lltillg  cxl)cri]ncnts.
III order to ilnplclIlcllt  a parallc] code with  IIufort l~rallk(:l-Mllltip;ri(l  lnctl~od
to IIatlural coIlvcctivc  flow problems i]] rCCtlal  IgUlar cavities, a two dilllcnsiollal
origi Ilal fine II ICSII is ~mrtitiollcd  into blocks of collsccutivc  C. OIUIIIIIS  (1, >> 1 )
or rows (1,<< 1 ) a,,d distril,utcd  onto a li])car  array of processors (Figure 1
for a shallow  cavity). ‘1’llis  is a natural way for data partiiioll  wit}) tlIc above
geometry as ilIc  c.[)lI1ll~llI~icati[)l]  Mnong  sul)do]naills  IIccds to IW millilllizcd.

ltigurc 1: l)ata  partif,iol]  011 a shallow cavity with n ~)roccssom

CoIIll]lllllicatiolls  wil l  bc cIIcouIItcrcd  duri]lg  the who]c  colllputatiw]  by us-
ing  dolnaill  dccoll)])ositiol]  icchniqucs. ‘1’llc nlajo]  part of colllll)llllicatiolls  is
t]lat cacll subdomai]l  IIccds to cxcllaIlgc  inforlnation  wit]] its IIcigllbors  and
this is C1OI1C  by direct ]r](:ssa~;c-]>assillg  NX or I)VM software.
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4. NUM13RICAI.  Rnsul:rs

Nulncricid  rcsu]ts  arc ohtailled  f o r  v a r i o u s  Rayleigh  IIUIIIIMS and l’ralldtl
IIu Inlms iII a wlIolc cavity  or in scnli-illfil)itc  rcgiolls  of bot}I tall  arid slIallow
cavitim. III l“igurc  2, a nulncrica]  soluiioll  for a larp;c  aspccl$  ratio case is prc-
scnt,cd by tlIc  contour  plois of slmmn func t ion , vorticity,  and tcIllpcratjurc,

wllicll isill  good argrccll)cllt  with  tllcillstal)ili  tj~~allalysis.  IIcrca II ICSl  I sizcof
] 6 X 2048 WaS USCd for thC C.olll]mtatioll. III order to colnparc  the IJclfornlarlc.c
011 cacll systcIII,  16 processors wcrcuscd  for tl]c parallc]  c.odc w;t,ll  t,l Ic above

nul I~crical  lnodc]. ‘1’IIc colnpuiatioll  results arc sl@wcd)n  ‘1’able 1, whic]l lists
ihc total  ~l)lJ tilnc  011 the lest prol>lcIn  for the three systcIIIs.  ‘1’IIc Oay
‘1’311 gives tlIc  bcsi pcrforIrlarlcc, a n d  ihc l)aragOII  slIows  hcttcr lmforlnal]cc
tJIarI tlIc  l)clta. IIy  various tests  olI the paral lel  systmlIIs aIId colI)parisoIls
wit]) soInc  previous results, tlhc parallel cocle is l)rovcII  Ilul]lclically  stable,
cfricic]]t,  and rcliahlc<

L__._._.._ lsYx?..._.. -.. ~?1/ = 104, 0 == 0.733 lntc] l}aragoIl

‘1’able 1: Cl]ll  times (sccoIIds)  using 16 IIodcs oI~ iJIc l)clta, Illc  l’aragoll,
arid lJIc (hay ‘J’31  ) for t,l Ic problcln  wit}l paralnctcrs  nolmd ill tllc  ‘1’able.

‘1’lIc profiles ill l“igurc  3 arc tllc scaling pcrforlnaIlcc  of parallc]  colll~)utatioll
code for IIai,ural  collvcctivc  ~)roblcIns. Var ious  ]ncshcs  lIavc bccII USCC1 with
a test II

-lO CIC 1 of ltI == 400, 0 == 0.733, 1. = 64. ‘1’llc largcsi ]Mol)]cm  IIas
a  global  gr]d  of 256 x 3 2 ,  768 dlstrihutccl  0 1 1  512 proccssoIs,  wllicl~ IIas a
total  unkl]ow~ls 41 ,744 ,384 .  l“igurc  3(a) SIIOWS tlIc ratio of cxccutioll  tiIllc
Y’(n) /7’(1 ) via tlIc  IIulnbcr  of processors, aIId l~igllrc  3(I)) SI1OLVS the  scaling
performance for large global  grids 011 the (hay ‘1’31 ). .’l’lIcsc figures SIIOW that
tl~c  S])CCd u]) fl’0111  ] n o d e  to ~ 28 n o d e s  ~OCS  W C ] ] ,  bllt starts tO S1OW dow~l
WIICII more promssors colnc  to play. It will bc no lol Igcr tlllc  bcstj  stjratcgy  to
partition t,hc coInputatiollal  domain int o l)locks o{ columIIs  if tlIc  lluIlllm  of
processors is IIIUCII larger than Lhc aspect r atio 1, of a cavity. III Lllis case, 211
~mtit,iollil)g  slIould  bc app]icd,  wllicll will })c mn~sidcrcd ill our future work.

5 .  ~ON~l,USIONS

‘1’IIc present  end-zone problems contai]l  oIIly two  paralnctcrs,  Itl arid O, il]-
stcad  of tllc tllrcc-~)aralt-lctcl  problcm  collsidcrcd  iI~ numerical  sil]lulatioll  of
tlIc  full cavjty  flow [2] [5]. ‘J’llis  approach can bc used to provide approxilna-
tiolls  to tllc Nussclt  number for all aspect ratios f, provided L is su~ciclli,ly
large for tllc coIlductivc  rc. gi]nc to apply in the core. ‘1’llis  js a sigllific.ant
advantage of tlIc  asylnptotic  methods adopted here. And for a sIIIall  aslmct
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ratio, wllilc  tl]c  asymptotic struci.,ums  arc ])0 longe] valid,  tlIc code also works
WC]] for silnulatill.g  a wllolc  cavity flow. ‘1’IIc  sped ~]p gyms  very WCI1 for cavity
flows wit]] a large asl)cct  ratio, so the results caJ) bc USCCI for colr]lmrillg  wit]]
SOI]IC asymptotic tllcorics based on large aslmct  ratios. ‘.l’llc (bay ‘1’31) gives
tllc best pcrforll]wlcc  alno]ig  the three lnac]lincs. Mom  work OII II IUCII  IIigllcr

l{aylcigh  nulllbcr  problmns  will bc c.ollsidcrcd  o]] IJarallcl  systmlls,  al~d w o r k
m) 31) iJIcrInal  convcctjivc  flows is in the progress.

‘1’lIc rcscarcl)  was carried out by the Jet l’repulsion l,al)oratory,  (~alifornia
lllstitutc  of ‘1’ccl)llolo.gy,  allcl  was sponsored by t}lc  National  l{cscarch  ~oum
cil and tllc National  Acronamtics  and Space Admillistratioll  wllilc  O])C of tllc
autl)ors  (1’. WaIlg)  IIcld a Nlt~-Jl)l,  ltcscarch  Associatcsliip.
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Figure 2: Contour plots for (a) stream function, (b) vorticity,  (c) temperature for

the insulating boundaries with Pr=6.983  , Ra=80,000  and 1,= 128.
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Figure 3: (a) Speed up of the parallel code on the Cray T3D. (b) Scaling

performance on the Cray T3D.
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